U-Pb dating of zircon was undertaken with the Beijing SHRIMP II (sensitive high resolution ion microprobe) on an amphibolite facies granodiorite and an almandine-albite granulite from the Santa Maria Chico Granulitic Complex, southern Brazilian Shield. This work was also done to unravel protolith ages which are often hidden in the array of partly reset data. The obtained metamorphic ages of the granodiorite gneiss and the granulite are 2035 ± 9 Ma and 2006 ± 3 Ma, respectively. These data are within the range of metamorphic ages determined in previous studies (2022 ± 18 Ma and 2031 ± 40 Ma). However, protolith ages for the granodiorite (2366 ± 8 Ma) and the granulite (2489 ± 6 Ma) were obtained which are outside the previously recognized range (> 2510-2555 Ma). The magmatic protolith age of the granodiorite refers to a previously little known magmatic event in the shield. Further investigations may demonstrate that amphibolite facies zircon crystals are useful as a window into geological events in associated granulites, because zircon ages are blurred in the studied granulites.
INTRODUCTION
The determination of protolith ages in granulite facies rocks is a major challenge in geochronology, because zircon -the most important mineral in geochronology -undergoes extensive recrystallization and partial resetting of ages during high temperature metamorphism, commonly ≥ 800 • C at 25-40 km depth for a long period of time (≥ one million years). The use of a sensitive high-resolution ion microprobe (SHRIMP) for analyses of spots with 30μm diameter in zircon crystals from gran-ulites has been a major advance in the understanding of zircon ages from high grade terrains (Friend and Kinny 1995 , Hartmann et al. 1999 , Santos et al. 2003 , Silva 2006 . However, a homogeneous, relict magmatic portion in zircon that can be selected for dating is rarely available. Although the resilient nature of zircon is apparent in crystals which experienced repeated granulite facies metamorphism, the interpretation of ages obtained by ion microprobe is often difficult because of the blurring of U-Pb isotopic compositions (Hartmann et al. 2000b) , particularly for zircons with high U concentration.
In the present paper, the dating of zircon in structurally concordant amphibolite facies rocks is a step to-544 LÉO A. HARTMANN, DUNYI LIU, YENBIN WANG, HANS-JOACHIM MASSONNE and JOÃO O.S. SANTOS wards the solution of this problem whenever such rocks occur in the same complex. The rationale is that rims and unaltered cores are commonly present in crystals submitted to metamorphic conditions (e.g., 600-700 • C, 3-5 Kb) less severe than those of the granulite facies. Thus, one amphibolite facies and one granulite facies rock from the Paleoproterozoic Santa Maria Chico Granulitic Complex, Brazil, were dated with the SHRIMP II in Beijing. These new results are integrated with previous data on zircon crystals (Table I ) from the same complex (Hartmann et al. 1999) obtained at the SHRIMP II in Perth. This geochronological method is capable of establishing the protolith age recorded in the cores of zircon crystals. Therefore, the method can help to elucidate the geological history of complex granulite-amphibolite facies terrains whenever the rocks underwent the same structural evolution as in the present case. Other geological relationships require careful evaluation before interpretation of coeval evolution of the rocks.
GEOLOGICAL RELATIONSHIPS
The Santa Maria Chico Granulitic Complex in southern Brazil (Fig. 1 ) was studied because it attained deep crustal conditions of metamorphic equilibration (800 • C and 10 Kbar, Hartmann 1998; early stage 9 kbar and 800 • C, late stage 7 kbar and 700 • C, Massonne et al. 2001 . Zircon isotopic compositions are extensively reset. All other granulite complexes which have been investigated in South America are located farther north in the Brazilian Shield. In addition, large sections of amphibolite facies rocks associated with smaller areas of granulites are exposed and most of them experienced lower pressure conditions (5-7 Kbar). The intense recrystallization of the Santa Maria Chico granulites has led to widespread, equilibrium granulite facies assemblages (Hartmann 1998 , Hartmann et al. 1999 . Rocks in the complex are bimodal. Trondhjemites dominate over mafic garnet granulites, pyroxenite, spinel lherzolite and sillimanite gneiss. The dominant structure is a subvertical foliation striking E-W in the southern part and NW in the northern part of the complex.
Field mapping in 2001-2002 led to the recognition  of a granodiorite gneiss (> 25 km 2 ), which shows the same deformation as the enclosing granulite complex, the S1 high-grade subvertical foliation. The hypothesis that the rocks, showing metamorphic assemblages of the amphibolite and granulite facies, were deformed during the same event can be tested by dating zircon from the amphibolite-facies gneiss associated with the granulite complex, although the blurring of ages of granulite zircons may diminish the significance of the test. The minerals of the gneiss are in granoblastic equilibrium and no remnant magmatic texture or mineral is discernible under the petrographic microscope, a similar relationship observed on granulite facies rocks of the complex.
GEOCHRONOLOGY
In fact, the main objective was to determine the magmatic age of the protoliths of the rocks, but a necessary condition to test the proposed method was that the amphibolite facies and granulite facies metamorphic events are synchronous. Otherwise, additional complexity in the geological relationships would hamper the interpretations. Petrographic examination of the zircon crystals from the granodiorite gneiss (sample 1) reveals welldeveloped cores and rims in 100-200μm sized crystals with rounded terminations and aspect ratios of 3:1. Thus, separate ages could be determined by 30-μm spot SHRIMP dating. Zircon crystals in the almandine-albite granulite (sample 2) are smaller (5-100μm), rounded, and show more complex internal structure. Zircon crystals (n = 80) were separated from 2 kg of each rock (samples 1 and 2) by mechanical and magnetic processes, mounted on an epoxy disc, polished and covered with gold for isotopic determinations guided by optical photographs. The Beijing SHRIMP II analytical techniques employed are similar to those reported by Smith et al. (1998) .
The indiscriminate use of Th/U ratios of zircon as petrogenetic indicators can lead to gross misinterpretation of the magmatic versus metamorphic environment of zircon crystallization (Möller et al. 2003) . In the present study, however, the geological and petrographic characteristics of the rocks and the consistency of results from previous studies (Hartmann et al. 1999) and from the present investigation lead us to consider the Th/U ratios of the analyzed zircon as reliable indicators of magmatic versus metamorphic crystallization.
The analyses of 41 spots in 38 zircon crystals from sample 1 (field number BRA44), granodiorite gneiss, re-PROTOLITH AGES OF SANTA MARIA CHICO GRANULITES Fig. 3 ) with two well-defined age groups, at 2366 ± 8 Ma and 2035 ± 9 Ma and possibly a third group at ∼ 2200 Ma. Th/U ratios ( Fig. 3 ) are near 0.4 for the 2366 Ma group, and these are commonly accepted as magmatic compositions (Vavra et al. 1999 , Hartmann et al. 2000a ) and 0.01 for the 2035 Ma age group, which are usually considered as metamorphic ratios. The nature of the ∼2200 Ma age requires further investigations. The magmatic age of the granodiorite gneiss is interpreted as 2366 ± 8 Ma and the age of amphibolite facies recrystallization as 2035 ± 9 Ma. PbPb evaporation ages near 2.35 Ma (minimum age, Gastal and Lafon 2001) are known from zircon xenocrysts in the Santo Antonio Granite, emplaced in the granulite complex at 583 ± 2 Ma and located 10 km from the studied granodiorite gneiss sample. The presently dated granodiorite is one of the possible sources of the 2.35 Ga xenocrysts present in the Santo Antonio Granite. A total of 60 analyses were made on zircon from sample 1, but 19 were discarded because the crystals have extremely low U (6-10 ppm) and required extraordinary high common Pb corrections (1.19-9.46%).
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In sample 2 (field number SMC1), almandine-albite granulite, the analyses of 17 spots in 15 zircon crystals yielded a 207 Pb/ 206 Pb age spread between 2578 and 1998 Ma (Table II, Fig. 3 ). The youngest age cluster (2006±3 Ma) is interpreted as the age of granulite facies metamorphism, because Th/U ratios are low (0.05) and the spot analyses were determined on rims of zircon crystals. As sample 2 is probably a metagraywacke, because of its mineralogy (mostly almandine + albite + quartz), the oldest age cluster (2489 ± 6 Ma) can be interpreted as referring to the age of the source of detrital zircon crystals. However, the ages between 2489 Ma and 2006 Ma may correspond either to different sources of the detrital zircon or to deformational episodes of the metasediment. These geological events cannot be defined more precisely in time with the present data set, but it is clear that the sedimentary basin is older than 2006 Ma, because this is the age of granulite facies metamorphism of the Santa Maria Chico granulites as previously determined by PROTOLITH AGES OF SANTA MARIA CHICO GRANULITES 547 Fig. 1 -Position of studied granulitic complex in relation to regional geotectonic units. Hartmann et al. (1999) at 2022 ± 18 Ma and 2031 ± 40 Ma for two ortho-granulites (Table I ). The amphibolite facies event (sample 1) and granulite facies event (sample 2), as dated in this investigation, were therefore syn- 1 are xenocrysts from a presumed, unknown basement. The granodiorite gneiss is therefore a window into processes older than 2.0 Ga.
INTERPRETATIONS AND CONCLUSIONS
A nearly continuous spread of zircon SHRIMP U-Pb ages was obtained by Hartmann et al. (1999) between 2.55 Ga and 2.02 Ga in two orthogranulites from the Santa Maria Chico Granulitic Complex. Thus, protolith ages were assumed to be older than 2.55 Ga. However, the ages between 2.55 Ga and the age of metamorphism may correspond to the age of the protoliths or partially reset ages. This was tested in this investigation. The interpretation by Hartmann et al. (1999) of protolith ages older than 2.5 Ga is compatible with the idea by Friend and Kinny (1995) , who defined the metamorphic age of the Lewisian Complex as the youngest Archean zircon U-Pb ion microprobe age obtained. These authors interpreted the spread of Archean ages as being the result of partial resetting of the magmatic zircon during a granulite facies growth event. The age of metamorphism for the Santa Maria Chico Granulitic Complex is suggested by the concentration of younger ages (2.1-2.0 Ga, Hartmann et al. 1999) . Thus, the more complex isotopic relationships yielding older ages (this work) are associated to protoliths ages. The present investigation suggests that in this specific case the dating of protolith age of the granulite-facies rock can be done on associated amphibolite facies zircon crystals that underwent a high-grade metamorphic event at the same time as the granulites. The amphibolite facies granodiorite gneiss crystallized from a magma at 2366 ± 8 Ma and some protoliths of granulite facies rocks in the complex were also probably formed at this time. The very intense metamorphic alteration of the granulite facies zircon caused the blurring of U-Pb ages in the entire crystal. Age interpretation of the granulite protolith is therefore liable to error, because the oldest zircon age from a sample is not necessarily the minimum age of the magmatic crystallization of the protolith (Friend and Kinny 1995, Hartmann et al. 1999 ). The present investigation suggests that the magmatic age of the granulite may be hidden in the array of partly reset, nearly concordant isotopic zircon compositions, and that the oldest ages may correspond to those of xenocrysts. A granulitic complex may be constituted by rocks formed in different, sequential geological events, and these may be dated by systematic investigation of associated coeval amphibolite facies rocks whenever geological conditions are similar to those presently studied.
Amphibolite facies rocks may preserve the protolith ages of the associated granulite facies rocks, as in the present case, and this is relevant to severely deformed units such as the Santa Maria Chico Granulitic Complex (800 • C, 9-10 kbar) in the southern Brazilian Shield. In other terrains, the geological relationship of the two rock types may be different from this study.
The heterogeneous evolution of the Santa Maria Chico Granulitic Complex is also reflected in the model Nd T DM ages (Table I) , because they vary from ca. 2600 Ma to ca. 2300 Ma. This indicates an orogenic evolution from the Late Archean to the Paleoproterozoic, now better delimited by the U-Pb dating of zircon crystals from one orthogneiss and one paragneiss presented here.
A granulite-facies metasedimentary rock (sample 2, almandine-albite granulite) from the Santa Maria Chico Granulitic Complex is dated for the first time in this investigation. The maximum age of sedimentation may correspond to the youngest detrital component (ca. 2200 Ma) or to the magmatic age of the granodiorite gneiss (2366 Ma). This is a significant contribution to the understanding of the Paleoproterozoic evolution of the southern Brazilian Shield. The significance of ages in the 2200 Ma range from both samples is not clear yet, because the available data do not allow the discrimination between the following explanations: (1) partially reset zircons or (2) intermediate metamorphic pulse. Additional investigations are required to understand the geological meaning of these ages.
Other amphibolite-facies granitic and metabasaltic rocks occur in the shield within 100 km of the studied rocks. These include the Encantadas Complex, which is covered by the deformed sedimentary sequence of the Porongos Complex. Provenance studies based on UPb zircon SHRIMP ages from quartzites indicate an age spectrum closely comparable to the studied rocks, including ages near 2.35 Ga ). The Santa Maria Chico Granulitic Complex may be the deepcrustal equivalent of the mid-crustal Encantadas Complex gneisses. Also, Tickyji et al. (2004) recorded a Th*-Pb electron microprobe age near 2.35 Ga on monazite from a felsic garnet gneiss from the granulitic complex studied here. A geological event was dated in zircon by U-Pb TIMS at 2350 ± 30 Ma in the Santa Catarina Granulitic Complex (Basei et al. 2000) , situated 700 km to the north of the studied granulites. This makes this investigation more significant, because of the regional extension of the 2.36 Ga magmatic rocks in the southern Brazilian Shield, which resided within Mesoproterozoic Supercontinent Columbia and Neoproterozoic Supercontinent Gondwana during the late Paleoproterozoic to early Neoproterozoic.
